There has been an increased use of chlorine dioxide (ClO 2 ) in dump tanks and wash lines to kill pathogen spores and reduce potential disease development during storage and shipment of various fresh fruits and vegetables. In most instances, automated systems are used to generate ClO 2 on site. Several growers in the Pacific Northwest are using ClO 2 in place of formaldehyde to prevent the spread of Fusarium basal rot when bulbs are given hot water treatments. Controlled-release systems to produce ClO 2 gas do not require specialized equipment and may have the potential to provide a convenient way to sanitize the surfaces of bulbs and flowers without having to dip or spray them with water. To determine the effectiveness of ClO 2 gas in killing pathogen inocula, a series of tests were conducted by exposing inocula of Alternaria alternata, Botrytis cinerea, Fusarium oxysporum f. sp. narcissi, Penicillium corymbiferum and Rhodococcus fascians on glass cover slips to various concentrations of gas for one hour at 20°C. Exposure of inocula to 5 mg ClO 2 /L (the lowest rate tested) reduced viability by 79 to 100%. At 25 mg ClO 2 /L, 92 to 100% of the inocula were killed. If additional studies find similar results with inocula on the surfaces of bulbs and cut flowers and there is no crop injury, this controlled release technology has the potential to provide growers with another approach for reducing losses associated with postharvest diseases during storage and shipment of bulbs and cut flowers.
INTRODUCTION
Chlorine dioxide (ClO 2 ) is a general disinfectant that is being used increasingly as a replacement for chlorine to kill microorganisms in drinking water, sanitize water in many industrial applications and sanitize various meat and fruit/vegetable processing facilities (Amy et al., 2000; Dernat and Pouillot, 1992; Dychdala, 1991; Han et al., 1999; Han et al., 2000; Kaczur and Cawlfield, 1993; Narkis and Kott, 1992; Olsen et al., 1999; Roberts, 1994; Roberts and Reymond, 1994; Spotts and Peters, 1980) . Compared to other hypochlorites, ClO 2 is less affected by pH, less reactive to organic and inorganic materials, removes phenolic tastes and odors, and produces fewer to no toxic or carcinogenic by-products (Amy et al., 2000; Benarde et al., 1965; Dernat and Pouillot, 1992; Dychdala, 1991) . It also has a higher biocidal activity than sodium hypochlorite, iodine, quaternary ammonium compounds, glutaraldehyde, and phenol (Bundgaard-Nielson and Nielson, 1996; Tannger, 1989) .
On ornamental bulb crops, ClO 2 has been shown to be an effective alternative to formaldehyde to control the spread of Fusarium basal rot inoculum during the hot water treatment of daffodil bulbs (Chastagner and Riley, 2002) . A concentration of 5 mg ClO 2 /L was as effective as 0.5% formaldehyde in protecting bulbs. Other recent studies on ornamentals have examined factors affecting the potential efficacy and phytotoxicity of ClO 2 that is generated on site in water (Copes et al., 2003 (Copes et al., , 2004 .
There are several companies that market automated systems to generate ClO 2 for a variety of agricultural uses. In most instances, ClO 2 is generated on site. Where water is recirculated, such as in bulb dip tanks, the generating system is part of a constantly circulating water system connected to the tank. The use of automated systems to monitor 356 and maintain the concentration of ClO 2 in dip tanks provides growers with a pest management process that consistently controls the spread of basal rot. Chlorine dioxide could also be applied as a gas (Han et al., 1999 (Han et al., , 2000 . Controlled-release systems to produce ClO 2 gas for a number of uses, including the horticultural industry are being developed. This technology does not require specialized equipment and could provide an opportunity to use ClO 2 to control some types of postharvest diseases on bulbs and cut flowers.
This paper reports the results of studies to determine the effectiveness of ClO 2 gas in killing inocula of several types of plant pathogens.
MATERIALS AND METHODS
To determine the effectiveness of ClO 2 gas in killing pathogen inocula, spores from four fungal plant pathogens and cells of one bacterial plant pathogen were exposed to various concentrations of gas. The fungi included isolates of Alternaria alternata from blueberry fruit (Vaccinium corymbosum), Botrytis cinerea from a 'Double Delight' rose flower (Rosa spp.), Fusarium oxysporum f. sp. narcissi isolate KMH-18 from a 'Mt. Hood' daffodil bulb (Narcissus pseudonarcissus), and Penicillium corymbiferum from a tulip bulb (Tulipa spp.). The bacterial pathogen was an isolate of Rhodococcus (Corynebacterium) fascians that was isolated from an Asiatic lily bulb (Lilium spp.). A series of tests were conducted using a standardized testing procedure.
Inocula of each pathogen were produced by growing cultures on media in petri plates. The Alternaria, Botrytis, and Penicillium were grown on potato dextrose agar (PDA). Fusarium was grown on either PDA or potato sucrose agar and the Rhodococcus was grown on nutrient yeast dextrose agar (NYDA). Using a wire transfer loop, fungal spores and bacterial cells were transferred from 7 to 14-day-old cultures onto the surface of 22 mm x 40 mm glass microscope cover slips that were sandwiched between two flexible vinyl 1.9 cm x 17.8 cm pull-through tags. A pair of tags with two to four cover slips with inocula from each pathogen was then hung from the lid of a 19 L plastic bucket.
To conduct each test, sachets capable of producing known quantities of ClO 2 gas were activated and placed in the bottom of each bucket along with 10 ml of water. During each test, there were three replications of each concentration of gas and three buckets containing just air and 10 ml of water, which served as checks. After placing the lids with the tags holding the cover slips on each bucket, they were sealed shut. Each lid was fitted with a small 1.5 volt 'D' cell battery-operated fan (Hankscroft Motors, Inc., Reedsburg, WI) to promote circulation of the gas within the buckets. During each test, inocula on the cover slips were exposed to the gas for a period of one hour at 20°C. HOBO data loggers (Onset Computer Corp., Pocasset, MA) were placed in selected buckets to monitor temperature and relative humidity.
To determine the effect of the gas treatments on inocula viability, the cover slips with the fungal spores were removed from the plastic tags and placed inoculum side down onto 1.5% water agar containing 100 mg streptomycin and chloramphenicol/L. These plates were incubated at 20°C and spore germination was determined after 24 and 48 hours by counting a minimum of 50 spores per cover slip. Each cover slip with the Rhodococcus cells was placed in a large test tube containing 5 ml of sterile distilled water. The tube was then shaken and the resulting cell suspension was used to prepare a dilution series with 1 ml aliquots being plated onto NYDA. These plates were then incubated at 20°C and cell viability was determined based on the number of colony forming units per cover slip.
RESULTS AND DISCUSSION
Concentrations of ClO 2 gas that were tested during these studies ranged from 0 to 1,000 mg/L. Virtually no viable inoculum was detected at concentrations of >25 mg/L. In a series of tests at 0, 5, 25, and 50 mg ClO 2 /L, the germination of spores that were exposed to air averaged 99.2% for Penicillium, 85.5% for Botrytis, 82.5% for Alternaria, 34.3% for Fusarium microspores, and 2.5% for Fusarium macrospores. Exposing the Penicillium, Botrytis, and Alternaria spores to 5 mg ClO 2 /L reduced germination by 93, 97, and 90% respectively. All of the spores of these pathogens were killed after a one-hour exposure at 25 mg ClO 2 /L. None of the Fusarium spores that were exposed to even the lowest concentration of ClO 2 germinated, however germination of Fusarium spores, particularly macrospores, was very low even when they were only exposed to air.
Rhodococcus was not included in all of the tests. The maximum concentration of ClO 2 that Rhodococcus cells were exposed to was 50 mg/L. The average number of viable colony forming units on cover slips that were exposed to air was 919,797. Exposure of cells to 5 mg ClO 2 /L reduced viability by 79%. At 25 mg ClO 2 /L viability was reduced by 99.996%.
CONCLUSIONS
Management of ornamental plant diseases is commonly based on a combination of cultural practices, environmental manipulations, use of biologicals, and application of fungicides (Bilderback and Jones, 2001; Dreistadt, 2001; Jeffers et al., 2001; Krause, 1991) . In situations where recirculated water is used for irrigation or plants are dipped in water, general biocides or disinfectants are often used to control the spread of pathogen inocula to healthy plants (von Broembsen et al., 2001; Mebalds et al., 1996; Simone, 2001) .
Several recent studies have shown that water-based applications of ClO 2 have the potential to provide effective control of the spread of pathogen inocula. There is also an interest in using direct applications of ClO 2 to plants to kill inocula on the leaf surfaces (Chastagner and Copes, 2001 ). Although only a limited amount of work has been done to date, research has shown that direct application of ClO 2 in water to growing plants is unlikely to damage many plant species at rates required to kill inocula of many common plant pathogenic fungi (Carrillo et al., 1996; Copes et al., 2003; Mebalds et al., 1996) . Copes et al. (2003) tested the tolerance of several types of plants to multiple foliar applications of ClO 2 and found no significant injury on the foliage or flowers of any of the plants at rates up to 20 mg ClO 2 /L.
Recent work with ClO 2 gas has shown that gas applications of ClO 2 can be used to sanitize tanks used for aseptic juice storage and that postharvest applications of gas to green peppers (Capsicum annosum) was effective in killing Escherichia coli on the surface of the peppers (Han et al., 1999; Han et al., 2000) . Results of the studies reported in this paper indicate that inocula of several different plant pathogens can be killed on inert surfaces by exposing them to relatively low concentrations of ClO 2 gas. Preliminary data from two trials indicates that exposing tulip bulbs and cut flowers to concentrations of 5 to 20 mg ClO 2 /L caused a significant reduction in the development of Penicillium blue mold on bulbs and Botrytis on the flowers (Chastagner, unpublished) . Although additional testing is needed to examine the effect of concentration and exposure period on inocula viability on host material and phytotoxicity, it appears that controlled-release ClO 2 gas technologies may offer the potential to control some diseases during the storage of bulbs and cut flowers. Since ClO 2 is highly active in oxidizing organic compounds, ClO 2 gas may also be beneficial in minimizing problems associated with the exposure of some types of bulbs and flowers to ethylene gas.
